Abstract. The endocytic pathways from the axonal and dendritic surfaces of cultured polarized hippocampal neurons were examined. The dendrites and cell body contained extensive networks of tubular early endosomes which received endocytosed markers from the somatodendritic domain. In axons early endosomes were confined to presynaptic terminals and to varicosities. The somatodendritic but not the presynaptic early endosomes were labeled by internalized transferrin. In contrast to early endosomes, late endosomes and lysosomes were shown to be predominantly located in the cell body. Video microscopy was used to follow the transport of internalized markers from the periphery of axons and dendrites back to the cell body. Labeled structures in both domains moved unidirectionally by retrograde fast transport. Axonally transported organelles were sectioned for EM after video microscopic observation and shown to be large multivesicular body-like structures. Similar structures accumulated at the distal side of an axonal lesion. Multivesicular bodies therefore appear to be the major structures mediating transport of endocytosed markers between the nerve terminals and the cell body. Late endocytic structures were also shown to be highly mobile and were observed moving within the cell body and proximal dendritic segments. The results show that the organization of the endosomes differs in the axons and dendrites of cultured rat hippocampal neurons and that the different compartments or stages of the endocytic pathways can be resolved spatially.
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M
EMBRANE proteins, lipids, and solutes internalized by animal cells enter endosomes. Within these structures selective targeting to the recycling, degradative, and, in polarized epithelial cells, transcytotic pathways occurs (Hubbard, 1989; Rodman et al., 1990) . The exact sequence of events leading to the delivery of a ligand to the degradative compartments is not yet defined. Different stations on the pathway to lysosomes have been identified and their protein compositions described (Beaumelle et al., 1990; Schmid et al., 1988) . However, the boundaries between early and late endocytic structures and their interrelationships are not yet clear (e.g., see Hopkins et al., 1990; Griffiths and Gruenberg, 1991; Murphy, 1991) . Several features of the endocytic pathway make in vivo analysis difficult. First, the compartments are extremely plastic and their form can vary between different cell types (Hubbard, 1989) or even within the same cell under different conditions (Heuser, 1989a; Parton et al., 1991; Lippincott-Schwartz et al., 1991; Wood et al., 1991) . Second, there is asynchrony in the endocytic pathways so that the wave of a ligand reaching late compartments may be broad (Kielian et al., 1986) . Third, early and late endocytic structures are not well-segregated in a fibroblast-like cell; early endosomes appear more peripherally located than late structures which are close to the microtubule-organizing center but at least some early structures are also clustered close to the centrioles (Hopkins, 1983; Yamashiro et al., 1984; Tooze and Hollinshead, 1991) and in some cell types endosomes form an extensive retieulum spread throughout the cell . At least some of these problems could be overcome in a cell with spatially separated early and late endosomes. In this respect, the neuronal cell offers many advantages.
Past studies of neuronal endocytosis have largely concentrated on the retrieval of membrane after neurotransmitter releaseat presynaptic terminals. Synaptic vesicle fusion with the axolemma is immediately followed by recycling via clathrin-coated vesicles (Heuser, 1989b) . The retrieval of synaptic vesicle components and the formation of synaptic vesicles may involve a modification of the endocytic process occurring in nonneuronal cells (for recent reviews see Kelly, 1991; Siidhof and Jahn, 1991) . Whether an endosomal intermediate is involved in the recycling pathway as in nonneuronal cells is not yet clear. Endosomal structures have been observed in nerve terminals (e.g., Teichberg et al., 1975; Sulzer and Holtzman, 1989 ) and these may be involved in the delivery of internalized components to the cell body where lysosomal compartments are located (Holtzman, 1989) .
In the present study we have characterized endocytosis in a cultured neuronal system, the rat hippocampal neuron. These cells mature in vitro in a well-defined sequence (Dotti et al., 1988) to produce dendrites and axons and to form synaptic contacts (Bartlett and Banker, 1984) . The two plasma membrane domains have different compositions and viral proteins are differentially sorted to the two domains (Dotti and Simons, 1990; Dotti et al., 1991) . The spatial separation of these domains makes the hippocampal neuron an excellent system to study the pathways of membrane traffic; in mature cells dendrites reach lengths of up to 400 tan and axons several millimeters. This system offers the possibility to study the overall organization of neuronal endocytic pathways for the first time. Here in a combined video microscopy and EM study we describe the endocytic circuits from the axonal and dendritic domains of hippocampal neurons. In addition we characterize the traffic between early and late endocytic stations and show that this is mediated by large multivesicular body (mvb)~-like carrier vesicles which are transported by fast retrograde transport along the axon or within the dendrites.
Materials and Methods

Cell Culture
Rat hippoeampai cultures were prepared exactly as described (Goslin and Banker, 1991) . For all experiments ceils were cultured for 7-14 d in vitro (stage 5 cells; Dotti et al., 1988) before use.
Endocyt/c Markers HRP was obtained from Sigma Chemical Co. (St Louis, MO) (type II HRP) or from Serva Biochemicals (Heidelberg, Germany) (high activity HRP, i.e., 1,362 U/rag) and was used at a concentration of I0 mg/ml in internalization medium (neuronal medium, as described by Dotti and Simons [1990] but with 10 mM Hepes and 4 mM NaI-ICO3, pH 7.35) containing 0.1% chicken ovnibumin to reduce nonspecific binding. In some experiments HRP was dialyzed before use and identical results were obtained.
Ovalbnmin-gold (ovalb-gold) was prepared by addition of excess ovaiburain to a sol of 9 nm gold at pH 7.0 prepared by the tannic acid method (Slot and Geuze, 1985) . The gold was concentrated by centrifngation and before use was dialyzed versus internalization medium. The gold was added to the cells at an OD520 of 20--40 in the presence of 0.1% ovalbumin to reduce nonspecific binding to the plasma membrane. All washes were with internalization medium containing ovalbumin.
Transferrin-HRP (Tf-HRP) was kindly provided by Dr B. Hofiack (European Molecular Biology Laboratory [EMBL], Heidelberg, Germany). Cells were washed over 30 rain with serum-free medium containing 0.1 mg/mi ovaibumin. They were then incubated with 50 ;,g/ml Tf-HRP in the same medium for 30-90 min at 37"C.
In some experiments, markers were internalized during and after membrane depolarization to induce neurotransmitter release. This was achieved by using an isotonic depolarizing solution (Rosa et ni., 1985) with the following composition: 10 mM Hepes, 2.2 mM CaC12, 0.33 mM Na2HPO4, 0.44 mM KI-I2PO, I, 4.2 mid NaHCO3, 5.6 m_M glucose, 77 mM NaCi, 55 mM KCI, pH 7.35. Cells were incubated with HRP in this solution for 5
Abbreviations used in this paper: mvb, multivesicuiar body; ovalb-gold, ovalbumin-gold; Tf-HRP, transferrin-HRP. rain and then with HRP in standard internalization medium for a further 25 min at 37~
Vkteo Microscopy
Cells cultured on 35-ram dishes were incubated with fluid-phase markers at 37~ washed with internalization medium, and then the dishes were mounted on a Zeiss Axiovert 10 microscope (Carl Zeiss, Inc., Thornwood, NY) fitted with a temperature-controlled stage maintained at 37 + 0.2~ The microscope was fitted with a LD 0,55H/4-mm-diameter air condenser with a long working distance and a 32 • LD Achroplan objective. Cells were first located with Nomarski using K6hler illumination. The polarizers were then removed to obtain the bright-field image. The signal was detected with a Hamamatsu CCD camera using a Hamamatsu Argus 10 image processor and the video signal was recorded with a Panasonic AG-6720 time-lapse video recorder.
Fields containing well-isolated axons or dendrites were recorded and phase-dense vesicles undergoing transport were followed. Analysis of the movement of transported organeUes was performed using the Macintosh Image 1.4 program with a Macintosh CI and a Panasonic NVW1 video player. The movement of each vesicle was followed over a distance of at least 30/~m.
In experiments in which the morphology of transported organelles were examined by EM, cells were fixed by addition of 2.5% glutaraidehyde in 50 mM cacodylate buffer directly to the culture dish during observation. This caused immediate cessation of transport. Reference marks close to the area of interest were scratched on the plastic dish. The fixative was then replaced with fresh fixative solution and left a further 30 rain at room temperature before processing for fiat embedding in Epen.
lmmunofluorescence
The intracelluiar distribution of late endocytic structures was analyzed by indirect immonofiuorescence. The following reagents were used: antibodies raised against the chicken cation-independent mannose-6-phosphate receptor (Parton et al., 1989) and against a COOH-terminal peptlde of tab7 (Chavrier et al., 1990) were kindly provided by Drs. B. Hoflack and M. Zerial, respectively (EMBL, Heidelberg, Germany). An antibody against the lysosomai glycoprotein, lgp 120 (Lewis et ai., 1985) , was kindly provided by Dr I. Mellman (Yale University, New Haven, CT). Cells were either fixed in saponin/paraformaidehyde as described previously or fixed for 6 rain in freezing cold methanol. Indirect immunofluorescence was then continued as previously described (Dotti and Simons, 1990) .
Electron Microscopy
Cells were routinely grown on plastic dishes for EM analysis. After incubations with fluid-phase markers, the cells were fixed either using 2.5% glutaraldehyde in 50 mM cacodylate or with 0.1% glutaraldehyde in 100 mM cacodylate buffer. Cells were then viewed by light microscopy and selected cells to be sectioned were marked on the dish surface. After embedding in Epon the culture dish was removed and the marked cells were sectioned parallel to the substratum. Conventional ultrathin or semi-thick (~,250 nm) sections were prepared and were viewed without further contrasting at an accelerating voltage of 60 IN. In experiments where single Figure I . Early endocytic structures in mature rat hippocampal neurons. Mature rat hippocampal neurons were incubated with HRP (10 mg/mi) for various times at 37~ Thin (,4) or semi-thick sections (B-G) were then cut parallel to the substratum. In A, HRP internalized for 10 rain labels vesicular structures (arrows) in both the dendrites (recognizable by the presence of ribosomes, r) and in a presynaptic terminal (asterisk) containing synaptic vesicles. Possible HRP reaction product is also evident in tubular structures within the dendrites (small arrowheads). Using high activity HRP, semi-thick sections (~250 rim), and a longer incubation time (30 rain), the full extent of the endosomal compartment within the dendrites is evident (B-E), B shows a low magnification view of a dendrite surrounded by axons (a). Numerous tubular structures (small arrowheads) of constant diameter (~45 nm) and varying lengths are labeled. Tubules run both down the length of the dendrites and across the dendrite. Large vesicular structures (examples indicated by/arge arrows) are also visible at fairly regular intervals along the dendrite. These structures resemble mvbs (arrow in C) and in fortuitous sections appear to be connected to tubules (B, inset) . In D a tubule extending over several microns is evident (small arrowheads). Tubules are present even in the most peripheral regions of the dendrite as shown in E; this region was chosen after examination of the light micrograph of the cell and was ~100/an from the cell body. (/7 and G) Cells were incubated with high activity HRP as above but were also treated with high potassium medium for 5 rain to induce neurotransmitter release as described in Materials and Methods. Axon shafts (a) are free of reaction product although labeled tubulovesicular structures (/arge arrowheads) are evident in presynaptic terminals and in varicosities (asterisks). HRP labeling is also apparent in putative synaptic vesicles (small arrowheads). Bars: (A) 0.5 #m; (B-G) 1 ~tm.
vesicles were relocated, serial semi-thick sections were collected and picked up on slot grids.
Axon Lesioning
Cells on plastic culture dishes were incubated with fluid-phase markers for 30 min at 37"C and then were washed. The dish was transferred to the stage of an automatic microinjection system (Ansorge and Pepperkok, 1988) . Well-isolated cells in which the axon was clearly distinguishable were chosen for lesioning. Lesioning was achieved by drawing the tip of a glass necdle across the axon using the micromanipulator. Reference marks were then made on the dish to allow subsequent relocation. The ceils were incubated for a further 20 rain at 37~ before fixation and fiat embedding in El)on. Semi-thick sections parallel to the culture substratum were prepared and viewed as described above.
Results
Morphological Characterization of the Endocytic Apparatus of Mature Rat Hippocampal Neurons
Rat hippocampal neurons maintained for 10-14 d in vitro (stage 5 cells, see Dotti et al., 1988) were incubated with HRP as a fluid-phase marker for varying times at 37~ The cells were then fixed and embedded in Epon. Selected cells to be sectioned were photographed after fixation and the light micrographs were used to distinguish axons and dendrites based on gross morphological characteristics before sectioning parallel to the culture substratum. HRP-labeled structures in the different domains of the cell were then examined.
After a 10-rain incubation with HRP and preparation of conventional thin sections, labeled structures, consisting of tubules and mvb-like structures were evident in the cell body, nerve terminals, and dendrites ( Fig. 1 A) . To try to visualize the true extent of the early endosomal compartment in these cells, a high activity HRP and relatively thick sections (,,~250 run) were used (Tooze and Hollinshead, 1991) . After a 5-min incubation, HRP was shown to label vesicular and tubular structures within dendrites and presynaptic nerve terminals (not shown). After a 30-min incubation extensive tubular structures within the dendrites were labeled with HRP ( Fig. 1 , B-E). These branching tubules of 40-50-nm diameter were sometimes seen to extend over a distance of several microns (Fig. 1 D) . At fairly regular intervals larger spherical structures, with a mvb-like structure, appeared to be associated with the tubules (Fig. 1 , B-D, inset Fig. 1 B) .
Tubules extended to the distal ends of the dendrites (Fig. 1  E) . Similar, but less extensive endosomal tubules were observed in the cell body (not shown; see Fig. 2 A) . Tubulovesicular structures within the presynaptic nerve terminals also contained HRP reaction product. As it has previously been shown that increased uptake of fluid-phase markers occurs after synaptic vesicle exocytosis (e.g., Heuser and Reese, 1973) we used a high potassium-containing medium to induce neurotransmitter release. After a 5-rain incubation with HRP under depolarizing conditions followed by a further 25-min incubation with HRP both tubulovesicular endosomal structures and synaptic vesicles in the nerve terminals contained HRP reaction product (Fig. 1, F and G), consistent with previous observations in other systems (e.g., Heuser and Reese, 1973; Teichberg et al., 1975; Schacher et al., 1976) . Even under these labeling conditions HRP labeling was not observed along the axon shaft, except in areas containing synaptic vesicles (Fig. 1 F) . In contrast, in immature neurons (stage 3 cells) labeling of endosomal structures was observed throughout the cell, including the already identifiable axon (results not shown).
Previous in vivo studies have shown the existence of an extensive endosomal reticulum labeled by internalized transferrin in Hep2 cells . As the transferrin receptor has been localized to the dendritic surface of stage 4 (Cameron et al., 1991) and stage 5 (results not shown) rat hippocampal neurons, we investigated whether the tubular endosomal structures observed in the dendrites and cell body in the present study could be labeled by internalized transferrin-HRP (Tf-HRP). After internalization of 50/~g/ml Tf-HRP for times between 30 and 90 rain, long tubular structures identical to those observed after fluid-phase HRP uptake within the cell body (Fig. 2 A) and dendrl"tes (Fig. 2, B-D) were labeled. No tubules were labeled after internalization of such a low concentration of HRP as a fluid-phase marker (results not shown) showing that uptake was via a receptor-mediated process. Interestingly, negligible labeling was observed in presynaptic terminals (Fig. 2 D) consistent with the proposed polarized distribution of the transferrin receptor (Cameron et al., 1991) . No large vesicular endocytic structures in the cell body were labeled even after a 60-min incubation with Tf-HRP.
To characterize the late compartments in the endocytic pathways, high activity HRP was internalized for 30 min as above and then the cells were incubated in the absence of the tracer for various times at 37~ After a 30-min chase time, HRP reaction product was rarely observed within tubular structures; the principal labeled elements at this time were mvb-like structures of 300-450-nm diameter in the dendrites (Fig. 3, A and C) . Labeling of endosomal structures in the nerve terminals was also reduced but labeling was observed within mvb-like structures within the axon shaft (Fig. 3, B and D). As we generally observed no internalization from the plasma membrane in the shaft, we conclude that these structures must have moved into the axon either from the cell body, or more likely, from the presynaptic terminals. To investigate whether the multivesicular structures within the dendrites were distinct from the early endosomes, ceils were incubated for 30 min at 37~ with ovalb-gold. After washing to remove unbound gold a 30-min pulse of HRP was applied. Many ovalb-gold-labeled structures within the dendrites remained unlabeled by the subsequent pulse of HRP even though HRP-labeled structures were in very close proximity (e.g., Fig. 3 C) .
After a 60- (Fig. 3 E) or 90-min (Fig. 3 F) chase-time HRP reaction product was mainly observed within large (up to 1/~m diameter) spherical structures in the cell body and the proximal segment of the dendrites. Occasionally, labeled mvb-like structures were also observed within the dendrites and axons at this time. After internalization of ovalb-gold followed by an 8-h chase labeling was present within structures in the cell body and proximal dendritic segment that were electron dense and often contained arrays of membranes (Fig. 3, G and H) .
Localization of Late Endosome/Lysosome-specific Antigens
To determine the location of late endocytic compartments in the rat hippocampal neuron we used immunofluorescence to localize a number of antigens known to be enriched in these Figure 2 . Internalization of transferrin-HRP. Cells were incubated with 50 t~g/ml Tf-HRP for 60 min. Semi-thick sections were then prepared. InA, HRP reaction product is present within tubules (arrowheads) in the Golgi region (G) of the cell body. Tubules are also apparent within dendrites (B-D) and appear identical to those visualized using HRP (see Fig. 1 ). Note that few vesicular structures are labeled. D shows a thinner section (which therefore shows lower HRP labeling) to show the morphology of the presynaptic terminals (asterisks). The latter are unlabeled whereas labeled tubular structures (arrowheads) are evident within the dendrite (d). Bars, 1 #m.
structures. These included antibodies to the cation-independent mannose-6-phosphate receptor (CI-MPR), which is predominantly associated with late endosomes and the TGN (Grifliths et al., 1988; Geuze et al., 1988) , to a lysosomal glycoprotein (lgp) enriched in late endosomes and lysosomes (Lewis et al., 1985; Grifliths et al., 1990) and to rab7, a small GTP-binding protein associated with late endosomes (Chavrier et al., 1990) . As shown in Fig. 4 , A-F, the pattern of immunofluorescence labeling with each of these antibodies was similar with the predominant labeling in the cell body and proximal dendritic segments (20-30/zm from the cell body). No detectable labeling was observed within the axons or presynaptic terminals or in the peripheral regions of the dendrite into which the tubular early endosomal profiles were seen to extend. Since the late endocvtic compartments are believed to be the principal sites of lysosomal enzyme ac-tivity it appears that the major degradative compartments are located in the cell body close to the Golgi as in fibroblast-like cells.
Transport between Presynaptic Terminals and the Cell Body
To examine how transport between the peripherally located endocytic compartments and the putative degradative compartments in the cell body might occur we used video microscopy. Ovalb-gold particles were used as a fluid-phase marker to allow visualization of transported vesicles by light microscopy. Cells were incubated with ovalb-gold and HRP together for 30 rain at 37~ They were then washed and transferred to the warmed stage of the microscope in the bright field mode connected to a video display system.
Essentially all mobile phase-dense (gold-labeled) structures within the axons showed movement only in the retrograde direction. Observations of >50 cells were made. The labeled structures moved in a saltatory fashion with a mean velocity (observations of labeled vesicles averaged over a total distance of •650 #m) of 0,32 :[: 0.13 gm/s. However, individual vesicles reached velocities of up to 1.8/,rafts during the saltations. These rates are comparable with those reported for fast axonal transport of larger organeUes (Breuer et al., 1975; Grafstein and Forman, 1980; Allen et al., 1982) . Pauses between saltations varied between 1 s (the shortest resolvable time period in this study) to over 20 s. Fig. 5 A shows the distance vs time plots of a number of labeled vesicles, The mean velocities of the vesicles range between 0.1 and 0.5 gm/s hut as described above these velocities represent the average of saltations and pauses of varying length. To determine the nature of typical retrogradely transported organdies, gold-labeled structures moving towards the cell body were observed by video microscopy and then were fixed by addition of fixative during the observation (Fig.  6 ). Using glutaraldehyde-containing fixative an immediate cessation of transport was observed. After processing for EM, semi-thick sections were cut parallel to the substratum and the same structures were relocated. As shown in Fig. 6 B the structures observed moving retrogradely by light microscopy were shown to be almost spherical or ovoid vesicles of between 300 and 450 nm in diameter. AS expected they were labeled with both the internalized gold and with HRP.
The use of the HRP and the thick sections allows us to rule out that these structures have attached tubules; under the same experimental conditions extensive tubules were observed in the dendrites (e.g., see Fig. 1 B) .
Although the majority of the labeled structures in the axons showed these characteristics, occasionally, smaller vesicles were also observed moving along the axon. Whether these structures were labeled was difficult to ascertain by light microscopy.
Axonal Lesioning to Study Retrograde Transport
To determine the relative contribution of dif~rent types of organelles (including any small or weakly labeled structures) to retrograde transport of endocytosed material in axons, an independent technique was used. The axons of a number of cells were cut with the aid of a micromanipulator system and accumulation of internalized markers distal to the lesion was examined by EM. Fig. 7 shows an example of such an experiment in which the cell was incubated with HRP for 30 rain at 37~ before lesioning the axon. After a further 20-rain incubation the cells were fixed, and processed for EM. Semithick sections were cut parallel to the substratum. At the distal border of the lesion numerous HRP-labeled structures accumulated (Fig. 7, A and B) . These structures were predominantly mvb-like structures 300-450 nm in diameter, similar to those which accumulated at the distal side of a block in axonal transport in vivo (Hirokawa et al., 1990; Tsukita and Ishikawa, 1980) . There was no accumulation in the segment of the axon proximal to the lesion (Fig. 7 , B and C). Again, there was no evidence for tubular structures in association with the vesicles. The results strongly suggest that these structures are the major organdies involved in transport of endocytosed markers from the nerve terminals to the cell body.
Dendritic Transport
We investigated whether transport of endocytosed material in dendrites showed the same properties as retrograde axonal transport by video microscopy. As the dendritic microtubules of rat hippocampal neurons show mixed polarity , it was of particular interest to determine whether transport of individual vesicles within the dendrites was unidirectional as observed in axons.
Cells incubated for 60 rain with ovalb-gold as a fluid-phase marker were washed and observed by bright-field micros- Figs. 1 and 2 ) but reaction product is evident within relatively large mvblike structures (arrowheads). B shows a group of axons after a 60-min chase. A mvb-like structure is evident within the axon shaft as shown at higher magnification in the inset. Little labeling is evident within presynaptic terminals (asterisk). In Cand D, ceils were incubated with ovalb-gold for 30 rain and then incubated for a further 30 rain with HRP but without ovalb-gold. Spherical vesicles (arrowheads) in a dendrite (C) and axon (D) contain ovalb-gold but no HRP reaction product (arrow). E and F show late endocytic compartments within the cell body after a 30-rain incubation with HRP followed by a 60-rain (E) or 90-min (F) chase in marker-free medium. HRP labeling is mainly observed within large vesicular structures. (G and H) After an 8-h chase to label the final stages of the endocytic pathway gold- . Immunofluorescent localization of late endosome/lysosome specific antigens. Cells were fixed, permeabilized, and incubated with antibodies to the cation-independent mannose-6-phosphate receptor (,4 and B) , lysosomal membrane glycoprotein (lgpl20) (C and D) or rab7 (E and F). Labeling is predominantly in the cell body (/arge arrowhead) and proximal dendritic segments. No labeling is evident in axons (arrows). Small arrowheads indicate dendrites. Bar, 10 gin. copy. Gold-labeled structures of similar size (by light microscopy) to the axonally transported vesicles described above moved retrogradely from peripheral regions of the dendrites (Fig. 8) . The mean velocity of 0.41 -k 0.18 gm/s (observations of labeled vesicles over a total distance of ~800 gin) is similar to that for axonal transport. From observations of ",~ 30 different cells it was apparent that while transport in peripheral regions was always unidirectional, in the 30-gm segment closest to the cell body some vesicles changed direction (Fig. 8 D) . This is consistent with the finding that in distal areas microtubules are of uniform polarity but closer to the cell body dendritic microtubules show mixed polarity . Nevertheless many vesicles (,,080% of those observed) moved without change of direction into the cell body.
As in the axon, small structures were very occasionally observed moving in either direction within the dendrite but by video microscopy it was difficult to ascertain whether such structures were labeled.
Observations of Late Endocytic Compartments
Our immunofluorescence studies showed that late endocytic compartments, although mainly restricted to the cell body, are also found in the proximal dendritic segment. We investigated the properties of these structures by video microscopy using the conditions described above except that ovalbgold was chased for 8 h after a 1-h incubation to label only late compartments (i.e., the same conditions as in Fig. 3 , E and F). Under these conditions phase-dense vesicles, which appeared to be significantly larger than those undergoing retrograde transport, were observed in the cell body and in proximal regions of the dendrites (up to 30/~m from the cell body). These structures, which we assumed to be late endosomes and/or lysosomes, were highly mobile and were frequently observed to move into proximal dendrites (Fig. 9) . Periods of inactivity were broken by brief and rapid movements in either direction along the dendrite (,'~30 cells were observed). All vesicles which could be followed over a relatively long time period (several minutes) showed some bidirectional movement. Late endocytic structures were not observed in axons or in peripheral regions of the dendrites under these conditions.
Discussion
In the present study we have compared endocytosis from the dendritic and axonal domains of cultured neurons. Past studies have largely concentrated on endocytosis from nerve terminals as a response to neurotransmitter release or on retrograde traffic to the cell body. Here we have studied the cell as a whole in terms of traffic from both domains back to the cell body. As observed in other neuronal cells there are differences in endocytic activity over the neuronal cell surface (Sinclair et al., 1988) . Previous studies have shown that endocytosis along the surface of neurites is very low. Here we show that the axon shaft of mature rat hippocampal neurons is largely devoid of endocytic activity; internalization only occurs at presynaptic nerve terminals and at varicosities (i.e., axonal regions without synaptic contacts but with groups of synaptic vesicles). Polarization of the sites of internalization is a property of mature cells; stage 3 cells, in which the process destined to become an axon is already distinguishable (Dotti et al., 1988) , show internalization over the entire plasma membrane surface (results not shown). In contrast to the axonal shaft, the entire dendritic plasma membrane of mature cells showed high endocytic activity. Fluid internalized from the dendritic surface entered an extensive endosomal network which extended to the distal ends of the dendrites. This network is presumably analogous to the reticulum described in Hep2 cells and to the tubular endosomes observed in a number of different cell lines Van Deurs et al., 1987; Tooze and Hollinshead, 1991) . As in the latter study the true extent of the tubules was only appreciated in thick sections. Long tubules of 40-50-nm diameter were visualized by this technique. At least some of these appeared to have attached mvb-like domains. These results using a primary culture show that tubular endosomes are not just a feature of transformed cell lines. In agreement with other studies in nonneuronal cell lines (Tooze and Hollinshead, 1991 ) the tubular endosomes appear to be an early endosomal compartment; markers chased out of these structures relatively rapidly, and the tubules were labeled by internalized transferrin-HRP but not with antibodies against late endocytic markers. What is the function of this compartment? The major nutritional requirements of the cell (e.g., iron uptake) are likely to be mediated through the somatodendritic surface; the polarized uptake of transferrin shown here and the polarized distribution of the transferrin-receptor (Cameron et al., 1991) are consistent with this. The large surface area of the tubular endosomal compartment may allow efficient lateral segregation of membrane proteins into its different domains such as tubules for recycling proteins and into mvb-like domains for components destined for deggradation (see below).
Our observations are in agreement with earlier studies suggesting the presence of endosomal structures in nerve terminals (Heuser and Reese, 1973; Teichberg et al., 1975; Schacher et al., 1976; Stieber et al., 1989; Sulzer and Holtzman, 1989) . Structurally the synaptic endosomes resembled those in the dendrites, with tubular and mvb-like domains, but were much less extensive. Results from a number of studies suggest that an endosomal compartment may be involved in the formation of synaptic vesicles (reviewed by Kelly, 1991; Siidhof and Jahn, 1991) . The nerve terminal early endosome may therefore receive both recycling synaptic vesicle components and membrane proteins destined for degradation and would need sorting functions analogous to those of nonpolarized cells (Geuze et al., 1983) . Whether the early endosomes in the nerve terminals are different at the molecular level from those in the somatodendritic domain, Figure 6 . Bright field microscopy to follow retrograde axonal transport of gold-labeled organelles. Cells were incubated with o~b-gold and high activity HRP for 30 min at 37~ and then washed. They as suggested in polarized epithelial cells for apical and basolateral early endosomes respectively (Bomsel et al., 1990) , awaits further experimentation, for example, to localize early endosome-specific rab proteins (Chavrier et al., 1990; Van der Sluijs et all., 1991) .
The degradative endocytic compartments, comprising late endosomes and lysosomes, showed a centralized distribution within the cell body and proximal dendritic segment of maPare rat hippocarnpai neurons. Traffic between the peripheral early endosomal compartments and the cell body must be an important process involved in the turnover and degradation of presynaptic and postsynaptic components. By video microscopy and by axonal lesioning we showed that this traffic is mediated by large mvb-like structures which move retrogradely via fast axonal transport to the cell body. These results are consistent with earlier in vivo studies of retrogradely transported organelles (La Vail and La Vail, 1974; Tsukita and Ishikawa, 1980) . More recent studies showed that mvbs accumulated at the distal side of an axonal lesion in vivo and were labeled by antibodies to the micrombule minus end-directed motor dynein (Hirokawa et al., 1990) . The similarity in size and morphology of the retrogradely transported organelles to the vesicular domains of endosomes in both the nerve terminals and in the dendrites leads us to speculate that these structures may accumulate membrane components destined for degradation, bud from the early endosomes and then undergo translocation along microtubules towards the cell body. In the dendrites transferrin-HRP, which recycles rather than being targeted to degradative compartments, appeared to be at least partially excluded from these domains and preferentially label the tubules. Our observations strongly suggest that the mechanisms of trans- Figure 7 . Study of retrogradely transported organdies by axonal lesioning. Cells were incubated with HRP for 30 rain at 37~ They were then washed and transferred to a micrornanipulator stage where the axon was lesioned. After a further 20-min incubation at 370C the cells were fixed, processed for Epon embedding and the same axon was relocated. A shows a low magnification semi-thick section of the cell. The corresponding light micrograph is shown in E The lesion is indicated by a large arrow and an arrowhead in A and F, respectively, and is also recognizable by the mark on the Epon section in A. The areas indicated by the triangles in A are shown at higher magnification in B and C. At higher magnification an accumulation of HRP-labeled vesicles is evident on the distal side of the cut (B) . No such accumulation is evident on the proximal side (C). At higher magnification and printed more lightly, the accumulated structures are clearly multivesiculax body-like (D and E). Bars: (,4 and F) 10 #m; (B and C) 1 #m; (D and E) 250 urn. port between early and late endosomes in the dendrites and axons are similar. This is suggested by the morphology of the early endosomes and putative carrier vesicles in the den&rites and by the characteristics of the retrograde transport between peripheral dendritic regions and the cell body. The results are also consistent with studies in nonneuronal cells. In both fibroblasts and in epithelial cells transport between early and late endosomes was shown to be microtubuledependent Bomsel et al., 1990) . After microtubule-depolymerization internalized markers accumulated in mvb-like carrier vesicles which were proposed to mediate the microtubule-dependent transport to late endosomes. Together with these studies, the results presented here in which the vesicles undergoing fast axonal transport were later sectioned, suggest that such structures move along microtubules. However, we cannot completely rule out the involvement of actin filaments in view of recent studies showing actin-based movement in squid axoplasm (Kuznetsov et al., 1992) .
In the axon, the transported structures appeared to have no connections to endosomal tubules even when thick sections were used. Similar structures were observed in the dendrites after internalization of a fluid-phase marker followed by a chase and were not accessible to a subsequent administered pulse of a second marker. It has been proposed that mvb-like structures move within a continuous reticulum in Hep2 cells . While our results do not rule out a similar process in the dendrites of rat hippocampal neurons, they are more compatible with a subsequent budding of the mvb-like carrier vesicle before being transported. An open question is whether these structures then mature into late endosomes through acquisition of lysosomal enzymes or instead fuse with late endosomes.
Although dynein is the most likely candidate for the Figure 8 . Bright field microscopy to follow dendritic transport of gold-labeled organeUes. Cells were incubated with ovalb-gold for 1 h at 37~ After washing the cells, the movement of labeled organelles within dendrites was followed by bright-field microscopy. The sequence shown in A shows a gold-labeled organelle (arrow) moving uniformly towards the cell body. Images were recorded at the times indicated (in seconds). The organelle moves without changes of direction between the points indicated by arrowheads on the Nomarski image of the same cell shown in B. C shows the distance versus time plots of representative vesicles undergoing dendritic transport. All vesicles shown were followed over at least 50 #m within clearly distinguishable dendrites into the' cell body. Note that the kinetics are similar to those for axonaily transported vesicles (Fig. 5) . Few changes of direction occur. D shows a plot of the movement of two vesicles towards the cell body and is representative of the two types of movement observed. One vesicle moves uniformly into the cell body whereas the second shows some bidirectional movement in the 20/zm of the dendrite closest to the cell body. Bars, 10 #m.
microtubule-dependent motor responsible for axonal transport of carrier vesicles towards the cell body (Hirokawa et al., 1990) , the mechanism of dendritic transport is less clear. In mature neurons the mid-region of the dendrite (measured 75 ttm from the cell body) shows mixed microtubule polarity whereas in peripheral regions all microtubules show the same polarity with the plus ends distal .
Our observations suggest that transport within the dendrite is unidirectional up to ,,o20-30 t~m from the cell body. One possible explanation for this finding is that the microtubules of mixed polarity only extend 30 #m into the dendrites of hippocampal neurons under our culture conditions. Alternatively, the microtubules of mixed polarity may extend further into the dendrite but a vesicle may interact with a microtu- Figure 9 . Bright field microscopy to follow movement of late endocytic organelles. Cells were incubated with ovalb-gold for 1 h and then incubated for a further 8 h in tracer-free medium. Movement of gold-labeled organeUes was then followed by bright-field microscopy. A shows typical movement of a gold-labeled late endocytic structure (arrow). Times are indicated in seconds. The large labeled structure moves from the cell body ~20/~m into the dendrite and then returns to the cell body. B shows an overview of the same region of the cell. In C, the distance versus time plots of two representative vesicles in the same cell are shown. Results are expressed as the distance from the dendritic origin (asterisk in B) at different times. Negative values indicate movement past this point into the cell body whereas positive values indicate anterograde movement along the dendrite. Bar, 10/zm. bule in the periphery and remain on this track until it reaches the cell body. One population of axonal microtubules was previously shown to be preferred for transport in lobster axons (Miller et al., 1987) . Both these possibilities would be consistent with our observations of late endocytic structures which move into the proximal segment of the dendrites where they show bidirectional movement. No movement into more distal segments of the dendrites or into the axon was observed, as would be expected if the late endosomes have only active minus end-directed motors. A third possibility is that some modification of the dendritic microtubules renders them functionally unidirectional. If so, the bidirectional movement of late endosomes within dendrites must involve both plus and minus end-directed movement. Experimental manipulations of cytosolic pH were shown to cause a redistribution of late endosomes towards the distal regions of axons and dendrites of hippocampal neurons consistent with plus-end directed movement (Parton et al., 1991) . In vitro reconstitution experiments should provide insights into the mechanisms involved. Previous studies have shown similarities between MDCK epithelial cells and hippocampal neurons in sorting on the exocytic pathway (Dotti and Simons, 1990; Dotti et al., 1991) . Hippocampal neurons also show similarities to MDCK cells in the organization of their endocytic circuits. In the latter cells there are two distinct early endocytic circuits underlying the apical and basolateral plasma membrane domains Parton et al., 1989) . Transferrin receptors are restricted to the basolateral circuit and interestingly, as shown here and previously (Cameron et al., 1991) , are restricted to the somatodendritic plasma membrane domain of cultured neurons. Mixing of internal-ized contents in MDCK cells occurs first after delivery to late endosomes. Further work is necessary to find out whether the late endocytic compartments in the neuronal cell body and the proximal dendrites receive endocytosed material from both the axon and the dendrites or whether the late endocytic eomparlments are separated into axonal and dendritic subclasses.
Although our results implicate large carrier vesicles as the major structures involved in the transport of fluid-phase markers to the cell body, other pathways may also exist. Studies of membrane-bound markers such as tetanus toxin and lectins have provided evidence for a role of small vesicles or tubules in retrograde axonal transport (Stoeckel et al., 1977; Schwab and Thoenen, 1978; Schwab et al., 1979) . More work will be required to determine whether these membrane-associated proteins are sorted within presynaptic early endosomes into a different class of carriers destined for the Golgi complex or for postsynaptic sites. By analogy to epithelial ceils it is possible that neurons also have transcytotic pathways allowing direct communication between presynaptic and postsynaptic endocytic circuits by transport carriers moving in both directions between the axon and the dendrites.
